abstract OBJECTIVES: To evaluate the association between head growth (HG) during neonatal and postdischarge periods and neurodevelopmental outcomes of preterm neonates of <29 weeks gestational age.
The variable associations between head growth (HG) and neurodevelopmental outcomes of preterm neonates during early childhood and at school age have been documented 1 -5 ; however, studies have generally reported on small population sizes and have yielded conflicting results. Neubauer et al 2 reported that suboptimal head circumference (HC) at birth did not predict neurodevelopmental outcomes at 18 to 24 months, whereas HC at 3 months was predictive of both cognitive and psychomotor development. 2 Meanwhile, a modest association between interval HG from 1 week of age to term corrected age (CA) and cognitive outcomes at 18 months has been reported with no effect on other aspects of development in infants <33 weeks gestational age (GA). 3 Other studies have indicated that inadequate HG before 1 year of age is correlated with poor motor and cognitive outcomes, and microcephaly predicted abnormal cognitive and motor outcomes at 2 years of age. 1, 6 Although these data suggest that HC is associated with neurodevelopmental outcomes, it is unclear whether this correlation applies to HC at birth, HG during the NICU admission, or HG after discharge from the hospital. Some studies have argued that gains in HG during the NICU admission and after discharge from the hospital may be strong predictors of neurodevelopmental outcome. 2, 4, 7, 8 Interestingly, a correlation between HC at 18 to 24 months CA and brain volume on MRI was associated with neurodevelopmental outcome. 9 Another study proposed that HG while in the NICU offers little predictive value for neurodevelopmental outcome. 10 It is also uncertain which aspect of development (ie, motor or cognitive development) is associated more with HG. 11 Our objective was to evaluate the association between HG during neonatal and postdischarge periods and neurodevelopmental outcomes between 16 and 36 months CA in preterm neonates born at <29 weeks GA.
MeThods design and Participants
We conducted a retrospective cohort study by using data collected for the Canadian Neonatal Network (CNN) and the Canadian Neonatal Follow-Up Network (CNFUN). The CNN and CNFUN maintain a national standardized database of neonatal diagnoses and treatments, and neurodevelopmental outcomes for infants of <29 weeks GA admitted to level III NICUs in Canada. Preterm infants of <29 weeks GA born between April 1, 2009, and September 30, 2011 , who received neurodevelopmental follow-up assessments at 16 to 36 months CA for whom there was available HC measurements at admission, discharge, and follow-up were included. Infants with major congenital or chromosomal anomalies, infants with planned palliative care before delivery, those admitted to centers not participating in data collection to both networks, those born with microcephaly (HC less than third percentile for GA and sex), those with either unilateral or bilateral severe ventricular enlargement (ventricular size >15 mm measured anywhere within the ventricle on head imaging or those in which ventricular enlargement was reported with no measurements), and those with hydrocephalus requiring surgical drainage were excluded. Exclusions were preplanned to ensure that results were not confounded by conditions that may have impacted HG or by patients who may have had other causes for abnormal HG. Research ethics board approval for data collection was obtained at each site. This specific study protocol was approved by Mount Sinai Hospital's Research Ethics Board and the steering committees of both networks.
data collection
Neonatal outcome and demographic data were collected from the infant's medical records by trained personnel according to definitions in the CNN abstractor manual. 12 Eligible participants were identified within the CNN database and linked to the CNFUN database by using a single unique identifier.
HC z scores were determined at time of birth, at NICU discharge, and at follow-up assessment (ie, median 21 months, range 21.1-22.6 months) by using the Canadian population-based normal for HC at birth 13 and World Health Organization measurements of growth at 16 to 36 months CA. 14 CNFUN contains 1 recorded HC and weight measurement at follow-up. The differences between the z scores were calculated for 3 time periods as an estimate of HC growth velocities and wer as follows: from birth to discharge, discharge to follow-up, and birth to follow-up. Infants were categorized into the following 5 groups based on HC z score differences in each time period: 
ResulTs
Of the 3960 eligible infants, 1973 infants were included in the study population (Fig 1) . Stratification of infants into groups (Table 1) revealed that poor HG was more frequent during the infant's NICU stay compared with postdischarge (ΔHC z score < −2, 24.2% versus 1.8%, respectively). Meanwhile, a period of catch-up growth was observed postdischarge (ΔHC z score +1.01 to +2, 4.0% versus 28.5%, respectively). Supplemental Figure  2 in the Supplemental Information shows the trajectory of both weight gain and HG over the 3 time points. Language scores also differed significantly in Group 2 from discharge to follow-up and overall from admission to follow-up. Group 4 had improved composite language scores when there was higher HG velocity from admission to discharge. Lower composite motor scores were observed among infants with the highest growth velocity (ΔHC z score > +2) from admission to discharge and from admission to follow-up. Supplemental Tables  8 through 10 in the Supplemental Information show the raw data.
Supplemental Table 11 shows the effect of catch-up growth on neurodevelopmental outcomes. Infants with the poorest HG during their admission to the NICU (ΔHC z score < −2) who had any HG catch-up postdischarge had a significantly lower odds of sNDI (aOR 0.35, 95% CI 0.16-0.74) and lower odds of significant motor and language
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A flow diagram of study population. 
discussion
In this large population-based cohort, the rate of sNDI was higher in infants with the poorest HG from admission to follow-up compared with the reference group, primarily with motor and cognitive development. The rate of moderate motor impairment was higher in infants exhibiting the poorest HG and those with less pronounced HG delays. Infants with the poorest HG had a threefold higher risk of severe motor impairment and significantly lower composite Bayley-III scores in all development areas tested. Groups with poorer HG had higher odds of moderate and severe cognitive impairment if HG was impaired from admission to follow-up. This indicates that poor HG during the NICU admission that persists postdischarge is associated with motor and cognitive development.
Catch-up in HG during the NICU admission is associated with twofold decrease in the rate of sNDI if HG increased by 1 to 2 z scores. The association between HG velocity and language development were less obvious. Thus, this study adds to the body of evidence that poor HG in preterm neonates is strongly associated with neurodevelopmental outcomes.
Poor HG in preterm neonates is multifactorial. We attempted to delineate some of these causes by 5 14 (8, 19) 14 (9, 21) 14 (8, 21) 9 (7, 21) 14 (9, 19) .17 Ventricular enlargement on head ultrasound at discharge, n (%) by guest on October 5, 2017 http://pediatrics.aappublications.org/ Downloaded from correlating nutritional parameters, such as weight gain and TPN usage as well as head imaging findings (ie, PVL and ventriculomegaly) and mechanical ventilation. This study shows that during the NICU admission, weight gain correlates strongly with HG and infants with the poorest HG required significantly longer duration of TPN. These nutritional effects during NICU admission persisted beyond hospital discharge as evident from the ΔHC after discharge. Number of days on TPN may indicate an increased illness severity, neonatal complications, or delayed enteral feeding, which may be critical in HG and an area that warrants additional research. Most units in Canada start glucose and amino acids (1-2 g/kg per day) immediately after birth. Lipids are introduced in the next 24 hours starting between 0.5 and 1 g/kg per day, and both are increased gradually over the next 3 to 4 days at rate of 0.5 to 1 g/kg per day to reach a maximum of 3 to 4 g/kg per day. There are variations between centers in terms of increase, but the ultimate goal is similar. Previous studies have shown similar correlations between weight and HG. 1, 3 Furthermore, Belfort et al 3 showed that postdischarge, increases in weight gain out of proportion to other growth parameters does not confer a neurodevelopmental advantage, also indicating that nutrition alone may not explain this association.
Neonates with the poorest HG also received more days of mechanical ventilation at all time points. We speculate that earlier extubation and increased use of noninvasive ventilation in recent neonatal practice may help reduce the duration of mechanical ventilation and promote growth; however, this needs to be studied carefully as increased work of breathing associated with noninvasive ventilation may affect growth. Here, it appears that although neurodevelopmental delays are associated with both predischarge and postdischarge HG, they appear to be more pronounced when HG continues to lag postdischarge. In contrast, Belfort et al 3 showed that poor HG between 1 week of life and term predicted delays in the Bayley Scales of Infant Development, Second Edition, Psychomotor Index, specifically in non-SGA infants. HG after this time period, however, had no effect on neurodevelopmental outcome. Other groups have also stressed the importance of in-hospital HG, but did not find similar associations between postdischarge HG and outcomes. 4, 19, 20 On the other hand, Neubauer et al 2 found that HC early in postnatal life did not correlate, whereas HC at 3 and 12 months CA correlated with both motor and cognitive outcomes, which is similar to other studies. 7, 21 Additional study is warranted to determine factors that may contribute to postdischarge HG and their associations with neurodevelopment.
Catch-up growth has been shown to correlate with better outcomes. 8, 21, 22 Although a significant portion of infants experienced poor HG within the NICU, the majority of them displayed catch-up postdischarge, which has been consistent wih most studies. In this cohort, catch-up growth postdischarge in infants with poor initial HG was associated with improved outcomes.
Lower HC z scores have been associated with significantly lower brain volumes on MRI scans and higher rates of motor and cognitive impairments, including cerebral palsy. 7 Poor postnatal HG is also associated with delayed cortical maturation visable on MRI scans. 23 In our cohort, the rates of PVL and ventriculomegaly were more frequent in infants with a ΔHC z score >+2 than those with a ΔHC z score <−2. Thus, we speculate that association between persistent poor HG during the postnatal period with neurodevelopmental outcomes cannot be explained by structural changes alone.
The strengths of this study include the large population, detailed and robust data collection, detailed analysis of the implications of HG during distinct time periods, exploration of HG velocity, assessment of association with different domains of neurodevelopment, and exclusion of neonates whose HG may have been affected by underlying etiology or aberrations in HG. The limitations of our study include the retrospective, observational nature of the study, and therefore many infants were excluded because of missing data. In addition, the study relies on accurate HC measurement, which is often associated with measurement error. 18 Lastly, ∼23% patients were lost to follow-up, which could have affected our results.
Future research should focus on delineating contributors to poor postdischarge HG and the influence of factors when neonates are in the NICU on postdischarge HG. It is also important to continue to follow children with poor HG into later childhood to understand the functional implications of these findings.
conclusions
Poor HG is strongly correlated with a greater degree of challenges in the cognitive and motor domains in preterm neonates. This is likely because of changes in brain structure that occur during the neonatal period and persists postdischarge. Additional studies are needed to better describe this association and to determine the etiology of poor HG in preterm neonates.
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